The waddles (wdl) mouse is a unique animal model that exhibits ataxia and appendicular dystonia without pathological abnormalities of either the central or peripheral nervous systems. A 19 bp deletion in exon 8 of the carbonic anhydrase-related protein VIII gene (Car8) was detected by high-throughput temperature gradient capillary electrophoresis heteroduplex analysis of PCR amplicons of genes and ESTs within the wdl locus on mouse Chr 4. Although regarded as a member of the carbonic anhydrase gene family, the encoded protein (CAR8) has no reported enzymatic activity. In normal mice, CAR8 is abundantly expressed in cerebellar Purkinje cells as well as several other cell groups.
Introduction
Rodents, mainly spontaneously mutant mice with movement disorders, have revealed molecules and cellular pathways involved in motor control. Examples of deficient or defective proteins in mice with motor dysfunction include the Scn8a (type VIII alpha subunit of voltage-gated sodium channel) in Med J mice (Burgess et al, 1995) , Grid2 (delta2 glutamate receptor) in lurcher mice (Zuo et al, 1997) , Kcnj6 (potassium inwardly-rectifying channel subfamily J member 6) in weaver mice (Patil et al, 1995) , Agtpbp1 (ATP/GTP binding protein 1) in Purkinje cell degeneration mice (Fernandez-Gonzalez et al, 2002) , and
Cacna1a (P/Q type calcium channel α -1A subunit) in tottering mice (Fletcher et al, 1996) .
Although these models have shed considerable light on signaling and second messenger pathways, the relationship between cellular dysfunction due to these mutations and motor control at the systems level remains unclear. This disconnect is largely due to the ubiquitous expression of the encoded proteins within neural tissues. Furthermore, many mutant rodents with movement disorders exhibit overt structural and histological abnormalities of the central nervous system, extra-neural disease, or early death. Thus, in many cases, the mutant gene may have deleterious effects on several local-area neural networks in addition to systemic effects which severely compromise attempts to correlate genotype with particular motor phenotypes (e.g., ataxia, Parkinsonism, dystonia, spasticity, or myoclonus). Identification of additional mutant genes with restricted expression in neural tissue and causally associated with distinct motor syndromes may help to bridge the gaps between the molecular and systems neurobiology of movement disorders. As part of this effort, we chose to study waddles (wdl) mice.
The wdl mutation was discovered at The Jackson Laboratory (TJL) in 1995 in C57BL/KS mice (http://www.jax.org/mmr/waddler.html). The wdl phenotype is very similar 4 to that of another model, waddler (wd), which was discovered in 1959 and is now thought to be extinct (Yoon 1959) . The gait of wdl mice is characterized by wobbly side-to-side ataxic movements that are readily visualized when mice reach two weeks of age. The gait disorder of wdl mice persists throughout their lifespan.
In addition to ataxia, wdl mice exhibit frequent tail elevation and intermittent Straub tail.
During ambulation, the trunks of wdl mice are abnormally elevated, particularly their caudal portions. Resting forelimb and hindlimb tone is normal. However, action dystonia with apparent co-contraction of knee and elbow flexors and extensors is exacerbated by ambulation ). This appendicular dystonia produces nearly straight limbs with minimal flexion at the knee and elbow joints, elevation of the pelvis, and a "bouncy" or "waddling" motion during ambulation, particularly at higher velocities.
Occasionally, wdl mice fall to their sides.
Pathological examination of wdl mice at TJL was unremarkable except for one isolated case of hydrocephalus. In addition, vision and hearing were normal in the mutants. An early genetic study indicated that wdl mice were autosomal recessive mutants. Linkage mapping at TJL placed the wdl mutation in close approximation to the wd locus on mouse Chromosome 4, although tests for allelism were not conducted since wd is extinct. Tail suspension. This test involved the response of each mouse to 1 min of suspension from the tail. Some mice with neurological dysfunction will exhibit hindlimb and/or forelimb clasping during this maneuver. 6 Righting reflex. To obtain righting reflex times, mice were placed in the supine position and then released. The time required for all four limbs to contact the tabletop was measured for three trials. Median values were used for statistical comparisons.
MATERIALS AND METHODS

Mice
Vertical rope climbing. Mice were acclimated to a vertical 40-cm long, 10-mm thick rope prior to testing. The bottom of the rope was suspended 15 cm above a padded base and the top entered an escape box. Three trials with a 5-min inter-trial interval were completed for each mouse and median times were used for statistical analyses. The SpectruMedix system includes a high-throughput capillary electrophoresis instrument capable of analyzing 96 samples every 140 min. Heteroduplex analysis was subsequently performed offline using SpectruMedix software. Amplicons from wdl mice were sequenced if they differed from normal.
RT-PCR:
Total RNA was extracted from cerebellum and liver with Trizol reagent (Invitrogen). Total RNA integrity was confirmed with the Agilent Bioanalyzer 2100.
Reverse transcription and PCR were conducted using a One-Step RT-PCR kit from
Invitrogen. Reactions were performed in a total volume of 50 µl with 8ng/µl of total RNA and 0.2 µ M forward (CCAAAACAATTCCATGCTTTAAT) and reverse (GTATGAATTCCAGAAGCTGTGGT) primers used to amplify exons 6 to 9 of Car8. First, cDNA synthesis and pre-denaturation were performed in single cycles at 50°C for 40 min and 94°C for 2 min. Next, PCR amplification was performed for 35 cycles: 94°C for 30 sec, 54-58°C for 36 sec and 72°C for 2 min.
DNA sequencing: DNA sequencing was conducted to verify the deletion in the gDNA and cDNA of Car8. PCR products from both genomic and cDNA were purified using an AMPure PCR Purification Kit (Agencourt Beverly, MA) and the purified products were sequenced using a BigDye® Terminator v3.1 Cycle Sequencing (Applied Biosystems Inc., 8 Foster City, CA). A total of 5 ul sequencing reactions including 2µl Big Dye (plus Half-BD), 10 to 23 ng of purified DNA template and 1 to 3 pmoles of either forward or reverse universal sequencing primers, were incubated for 37 cycles at 96°C for 180 sec, 50°C for 30 sec, and 60°C for 180 sec. Unreacted primers were removed by ethanol-acetate precipitation (3.75% 3M NaOAc, 87.5% Non-denatured 100% EtOH, and 8.75% dH2O, pH 4.6,). The labeled products were dissolved in 0.02 mM EDTA in HiDi formamide prior to electrophoretically loading onto the SpectruMedix 96 capillary sequencing system. The same primers in the amplification of DNA fragments from either genomic DNA or mRNA were also used in the sequencing. Sequencing was conducted two times to verify the result for either gDNA or cDNA.
Expression of Recombinant CAR8:
Normal (Accession number: NM_007592) and mutant Car8 cDNA was amplified (forward primer:
CACCATGGCTGACCTGAGCTTCATTG, reverse primer:
CTGAAAGGCCGCTCGGATGACTCTAT) and cloned into Invitrogen's pET102/D-TOPO vector in-frame for transcription. A single colony of E. coli BL21 (DE3) transformed with the Car8 expression vector was inoculated into 10 ml of Luria-Bertani medium containing 100 µ g/ml ampicillin; this was incubated at 37°C for 10 h. Then, 0.5 ml of the culture was inoculated into 50 ml of Luria-Bertani medium containing 100µg/ml ampicillin. This culture was incubated at 37°C until it reached an OD 600 of 0.7. At that point, isopropyl -Dthiogalactoside was added to a final concentration 0.5 mM and incubation was continued at 37°C for 3 h; cells were harvested by centrifugation. Protein products were analyzed on 8% SDS-PAGE gels. Calculated molecular weights for normal and mutant CAR8 fusion proteins are 46.09 and 45.49 kD, respectively.
Northern-Blot Hybridization: After isolation of total RNA from mouse cerebella, mRNA (from 20 mice: +/+: 7, wdl/wdl: 7, +/wdl: 6)was extracted and purified with the conjugated secondary antibodies were applied for confocal microscopy.
RESULTS
Motor Dysfunction in wdl Mice:
To characterize the motor function of wdl mice, several experiments were performed to compare the mutants with +/+ littermates. There were no differences between wdl and +/+ mice in their responses to tail suspension. Furthermore, righting times and vertical rope climbing, respectively, did not differ between the mutants and their normal littermates, suggesting that the wdl mice have normal axial and appendicular motor power. In contrast, the results of footprint analysis ( Fig. 1A and B) , rotarod ( Fig. 1C) and the raised-beam task were compatible with significant motor disability in wdl mice. Although traversal times on the raised-beam task did not differ significantly between wdl mice and +/+ littermates, the mutants had many more slips (19.0 +/-1.7) than 11 that of normal (0.8 +/-0.3) littermates (p < 0.0001). In wdl mice, paws were abnormally everted and hindpaw (red) placement was rostral to the location of forepaw (green) prints (Fig. 1A) . However, there were no differences in either stride length or the distance of paw overlap between wdl and +/+ mice (Fig. 1B) . At all speeds, wdl mice showed shorter latencies to fall off the rotarod than +/+ littermates (p < 0.05, for all). cM), the nearest marker on the telomeric side, was mapped between 9500798 and 9500930 bp ( Fig. 2A) . Another marker on the telomeric side, D4mit99, was mapped between 12496147 bp and 12496289 bp. However, the initial mapping data from TJL was based on 86 F2 mice. By examining the genomic information, we found that the region from centromere to 12,500,000 bp is a gene poor region with 68 genes and 41 ESTs, mainly from the region between 6,500,000 bp and 12,500,000 bp ( Fig. 2A ). Those genetic elements were then analyzed with TGCE. Every exon and at least 50 bps of intron sequences on both sides from wdl and normal mice were amplified and carefully compared on SpectruMedix system. During this screening process, we found that only the Car8 exon 8 amplicon was smaller in wdl mice than in +/+ littermates (forward primer:
High-Throughput Screening of the wdl
AATTGTCTCCCAAAATCCCATC; reverse primer: CAGCATGCTTTCTTAACCACTG) (Fig.   2B ). Every DNA fragment from other genes was the same between wdl and its +/+ 12 littermates. After verification of this difference by PCR amplification of Car8 exon 8 ( Fig.   2C ), we conducted a comparison of PCR products from eight mouse strains and wdl/wdl mice (Fig. 2D) , and the data indicated that the deletion found in wdl mice did not exist in any of these normal mouse strains (Fig. 2E) . At that point, we felt confident that there was a deletion within the exon 8 of Car8 that caused the wdl disease. We then sequenced exon 8
and discovered that 19 nucleotides were deleted in the mutant mice (Fig. 2F ).
Car8 Mutation: Car8 has 9 exons (ENSMUSG00000041261). Total RNA from normal and wdl mice was extracted for RT-PCR amplification of 3' Car8 transcript (exons 6-9) (Fig.3A) .
Smaller amplicons were found in cerebella (Fig. 3A) and extra-neural tissue (liver, lung, and kidney) from wdl mice (Data not shown). Direct sequencing of Car8 cDNA from normal and wdl mice confirmed the 19-nucleotide deletion (Fig. 3B ). In the region of deletion, 15
nucleotides are flanked by two AAGG motifs. The deleted 19 nucleotides include the 15 nucleotides and one AAGG motif, leaving the other AAGG motif in the genome. Thus, the deletion either starts at first AAGG motif and stops at the second AAGG motif or starts immediately after the first AAGG motif and stops after the second motif. Due to frame shifting, wdl Car8 cDNA is predicted to encode a protein that is 29 amino acids shorter than +/+ CAR8 secondary to elimination of 50 +/+ amino acids and addition of 21 novel residues before terminating in a stop codon (Fig. 3B ).
Car8 Transcript and Protein (CAR8):
To determine the molecular impact of the Car8 deletion mutation, we compared mutant and +/+ Car8 at the transcriptional and translational levels. Six bands were identified on Northern blotting of mRNA from both +/+ and wdl mice (Fig. 4A ). However, a striking global reduction of Car8 transcript was detected in wdl mice (Fig. 4A) . The larger bands on Northern were barely detectable in the mutants.
Quantities of Car8 mRNA were intermediate in +/wdl animals. With Western blotting, our 13 affinity-purified rabbit polyclonal antibody to CAR8 identified both full-length recombinant +/+ and wdl CAR8 in different sizes (Fig. 4B) . In contrast, we were unable to detect CAR8 in cerebellar tissue lysates from wdl mice although a Purkinje cell marker, the type 1 inositol 1,4,5-triphosphate receptor (IP 3 R1), was expressed at normal levels in the mutants (Fig. 4C) .
Immunolocalization of CAR8:
Immunohistochemistry was then used to examine the patterns of CAR8 expression in +/+ and wdl mice (Fig. 5) . In +/+ mice, CAR8 was expressed in cerebellar Purkinje cells as well as in cerebellar nuclei and brainstem (Fig.   5A ). Immunohistochemically, CAR8 expression was greatest in cerebellar Purkinje cells and minimal to absent in the spinal cord and cerebral cortex. In line with the Western blotting results, CAR8 expression was virtually undetectable in wdl mice (Fig. 5B) . The potential importance of CAR8 to humans is suggested by its prominent expression in Purkinje cells from a non-human primate (Fig. 5C ). CAR8 is abundantly present in the somas, axons, and entire dendritic arbors of cerebellar Purkinje cells ( Fig. 5D and E) . The common Purkinje cell marker, calbindin, showed immunoreactivity in cerebellar cortex that did not differ between normal and mutant mice ( Fig. 5F and G). Furthermore, at the level of confocal microscopy, the density and intracellular localization of IP3R1 was normal in wdl mice ( Fig. 5H and I ).
DISCUSSION
Our data strongly suggests that the 19bp deletion in Car8 described here is the causally associated with the wdl phenotype. We provide several lines of evidence to support this claim. First, Car8 is located within the genetic region of wdl locus. Second, the Car8 deletion was the only defect detected among genes and ESTs within the wdl locus from wdl mice. Because the wdl mutation was derived from the C57BLKS inbred strain and there are 14 no other difference between wdl mice and their littermates, it is unlikely that another mutation causes the movement disorder exhibited by wdl mice. Third, work on the cDNA sequence agreed with the genomic data. Lastly, we showed a virtual absence of CAR8 expression in wdl mice but not wild-type littermates.
Our molecular analysis of the wdl mouse model has shown that CAR8 is essential for motor control. Moreover, the relative preponderance of CAR8 in cerebellar Purkinje cells suggests that the wdl mouse can be used as a tool to precisely investigate the effects of Purkinje cell dysfunction on local and wide-area motor networks. In contrast to several other mouse mutants with ataxia, there is no loss or overt morphological abnormalities of Purkinje cells in wdl mice. Although CAR8 is a member of the carbonic anhydrase family of zinc metalloenzymes that catalyze the reversible hydration of CO 2 , CAR8 lacks catalytic activity by virtue of missing critical amino acid residues required for zinc binding (Sjoblom et al, 1996; Taniuchi et al, 2002) . Recombinant CAR8 generated by introducing R117H and E115Q mutations into the wild-type protein is able to bind zinc and catalyze the hydration of In that study, mapping of the mutation locus was followed by positional cloning. In this study, mapping information on the TJL webpage allowed us to define a target genomic region. The mutant gene was discovered in less than half a year from the start of the project, thereby offering the possibility of rapid identification of mutations with only crude mapping data. . We believe that our strategy will be been particularly useful for familial human diseases with small kindreds. Furthermore, in the setting of rodent models 16 with spontaneous mutations, mutations can be rapidly identified without the excessive cost and time associated with the extensive breeding programs required for high-resolution mapping. .
In summary, we have identified a19-bp deletion in exon 8 of Car8 in wdl mice using a positional candidate cloning approach. This loss-of-function mutation of Car8 may underlie the ataxic phenotype of wdl mice. Since were did not find an obvious change in the morphology or Purkinje cells or the distribution of the CAR8 binding target, IP 3 R1, the cellular pathways by which CAR8 deficiency causes ataxia and dystonia remain uncertain.
Thus, the role of CAR8 cerebellar neurophysiology warrants additional study.
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